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Due largely to fire exclusion and land use changes, upland oak ecosystems in the central and
eastern U.S. are shifting dominance from fire-tolerant oaks (Quercus spp.) to shade-tolerant, firesensitive species (mesophytes). This shift has been hypothesized to occur via a positive
feedback loop termed mesophication, where mesophytes create shaded understory that limits oak
growth and wetter fuels and soils, decreasing forest flammability. To determine how canopy
water partitioning varies between oaks and mesophytes, I measured stemflow, throughfall, and
surface soil moisture monthly over a 14-month period for overstory and midstory trees of oaks
(Q. alba, Q. falcata) and hypothesized mesophytes (Carya tomentosa, Acer rubrum, Ulmus
alata) in northern Mississippi. Overstory oaks partitioned 5.1% of rainwater into stemflow, while
mesophytic species partitioned 7.2%, leading to 3.5% wetter soils under mesophytes. The
hydrology of mesophyte canopies may reduce forest flammability and promote conditions
favorable for mesophyte regeneration, ultimately compromising long-term oak regeneration.
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CHAPTER I
EFFECTS OF TREE MORPHOLOGY ON RAINWATER REDISTRIBUTION BY TREE
CROWNS IN AN UPLAND OAK FOREST
1.1

Introduction
In many locations across the central and eastern U.S., fire exclusion and land use change

have led to undesirable changes in forest composition and structure, based on economic and
wildlife conditions (Arthur et al., 2015; Fei and Steiner, 2007; Näthe et al., 2017; Wakeland and
Swihart, 2009). For example, fire exclusion has contributed to many ecosystems shifting from
open savannas and woodlands to closed canopy forests (Nuzzo, 1986; Peterson and Reich, 2001;
Hanberry and Nowacki, 2016). This includes upland oak forests that have experienced increased
dominance of fire-sensitive, shade-tolerant species, also known as mesophytes (Nowacki and
Abrams, 2008; Arthur et al., 2015; Keyser et al., 2017). This change in species composition
from fire-tolerant oaks to fire-intolerant mesophytes is hypothesized to be driven by a process
termed mesophication (Nowacki and Abrams, 2008), which is a positive feedback loop whereby
shade-tolerant species outcompete shade-intolerant, fire-resistant species including oaks
(Quercus spp.), to create a shadier, moister environment that is less flammable. The process
likely promotes growth and survival of mesophytes over oaks because mesophytes are typically
more shade-tolerant and less fire-tolerant than oaks and are capable of thriving in closed canopy
environments (Nowacki and Abrams, 2008).
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In addition to shade-tolerance, mesophyte canopy structure and bark morphology may
also contribute to reduced flammability and self-proliferation by changing how rainwater is
distributed to the forest floor (Barbier et al., 2009; Levia et al., 2011; Siegert et al., 2016).
Rainwater arrives at the forest floor through two pathways: stemflow and throughfall. Stemflow
is rainwater that flows down the bark of a tree bole, while throughfall is rainwater that makes
contact with the canopy or passes through canopy gaps, then falls to the forest floor. Both
pathways are influenced by tree traits such as bark thickness, bark roughness, and canopy
structure as well as storm meteorology (Crockford and Richardson, 2000; Barbier et al., 2009;
Levia et al., 2010; Levia et al., 2011; Livesley, 2014). Throughfall and stemflow account for ~
70-90% of rainwater that reaches the forest floor, depending on tree canopy characteristics
(Barbier et al., 2009; Crockford and Richardson, 2000; Levia and Germer, 2015; Levia and
Herwitz, 2005). Smaller midstory trees generate less stemflow compared to larger overstory
trees (Bessi et al., 2018; Germer et al., 2010; Van Stan and Levia, 2010); however, midstory
trees produce more stemflow per unit area of canopy than their overstory counterparts (Germer et
al., 2010; Livesley et al., 2014; Siegert and Levia, 2014).
Branch orientation and other canopy traits also impact rainwater redistribution, and these
traits often vary across tree species. Oaks typically have more horizontally oriented, shallow
canopies, while mesophytic species, such as red maple (Acer rubrum L.) and American beech
(Fagus grandifolia Ehrh.), have denser, deeper canopies (Alexander and Arthur, 2010). Many
mesophytes have erectophile branches, which are more vertically oriented, allowing mesophytes
to direct rainwater captured by the canopy down branches to the bole of the tree more so than
trees that have plagiophile branches, which are horizontally-oriented, such as oaks (Van Stan et
al., 2016; Kermavnar and Vilhar, 2017; Li, X et al., 2017). Quantity of throughfall delivered to
2

the forest floor often varies with physical traits such as stand density, percent canopy cover, leaf
area index, as well as storm intensity and duration (Levia et al., 2011; Livesley, 2014; Siegert et
al., 2016; Zabret, 2017; Cisneros Vaca et al., 2018). Several studies suggest that as oak canopy
density decreases, the amount of interception also decreases, allowing more rainwater to reach
the forest floor (Barbier et al., 2009; Staelens et al., 2007; Molina and del Campo, 2012; Siegert
et al., 2016; Zabret, 2017; Bessi et al., 2018; Cisneros Vaca, 2018;). Interception, rainwater
detained by the forest canopy and subsequently evaporated back to the atmosphere, is similarly
influenced by canopy structure (Molina et al., 2019; Schooling and Carlyle-Moses, 2015).
Although there may be an increase in interception and subsequent decrease in throughfall
beneath crowns of mesophytes due to increases in canopy density (Cisneros Vaca et al., 2018),
mesophytes tend have higher stemflow volume (Van Stan et al., 2016) and may still create a
wetter environment that contributes to mesophication (Crockford and Richardson, 2000; Levia et
al., 2010). The denser canopies of mesophytes also reduce light availability (Allen et al., 2018);
thereby potentially reducing forest floor temperatures and evaporation from the forest floor
(Nauertz et al., 2004; Nowacki and Abrams, 2008; Metzger et al., 2017; Kreye et al., 2018).
Bark characteristics of mesophytic species can also lead to differences in rainwater
redistribution. Mesophytes tend to have smoother and thinner bark, allowing larger volumes of
rainwater to be converted into stemflow, while oaks often have rougher and thicker bark that
absorbs more water as it travels down the bole (Alexander and Arthur, 2010; Van Stan and
Levia, 2010; Siegert and Levia 2014; Ilek and Kucka, 2014; Palus et al., 2018). This same trait
makes mesophytes fire-sensitive because thinner bark fails to insulate the vascular cambium
from fire (Hare, 1965; Hengst and Dawson, 1994). This combination of physical traits in
mesophytes is hypothesized to create a microclimate of wetter soils and lower light conditions
3

that favor the survival of mesophyte species at the expense of upland oaks (Varner et al., 2016B;
Kreye et al., 2018).
Reintroduction of fire to the landscape through prescribed fire may be the best option for
combatting mesophication and breaking the positive feedback (Abrams, 1985; Nuzzo, 1986;
Nowacki and Abrams, 2008). Much research has been conducted to understand how prescribed
fire may serve as a management tool to halt mesophication (Bekker and Taylor, 2001; Peterson
and Reich, 2001; Nowacki and Abrams, 2008; Brose 2010; Brose et al., 2013; Arthur et al.,
2015; Brewer, 2015; Keyser et al., 2017). Some studies suggest that the fire return interval has
an important part in the management of forest stands (Peterson and Reich, 2001; Nowacki and
Abrams, 2008; Arthur et al., 2015; Varner et al., 2016A). When fires occur at short intervals,
such as every seven to 10 years, midstory mesophyte density decreases thereby increasing light
levels (Brose et al., 2013). However, when mesophytes are already present in the understory
and midstory, they can take advantage of canopy gaps created by fires and quickly grow into the
midstory and overstory, leading to a swift change in species composition (Bekker and Taylor,
2001; Nowacki and Abrams, 2008; Keyser et al., 2017). As such, high-density midstories and
understories are more likely to suppress the spread of fire than the open understory of an oak
dominated forest (Keyser et al., 2017; Kreye et al., 2018).
To assess how mesophytes may alter the hydrology of a site, the primary objective of this
study was to quantify rainwater canopy redistribution into throughfall, stemflow, and
interception by upland oak species, including southern red oak (Q. falcata L.) and white oak (Q.
alba L.) and co-occurring hypothesized mesophytic species, including mockernut hickory (Carya
tomentosa (Poir.) Nutt.), red maple (Acer rubrum L.), and winged elm (Ulmus alata Michx.),
occupying two different canopy layers, midstory and overstory. The second objective is to
4

determine whether this partitioning impacts moisture in the upper soil horizons at three different
locations: base of the tree, middle of the canopy, and edge of canopy (drip line), as well as three
different soil depths (7.6 cm, 12.0 cm and 20.0 cm). Results of this research will have direct
impact on the understanding on the water partitioning of upland oak forests that are currently
transitioning to more mesophyte dominance.
1.2
1.2.1

Methods
Site Description
This research took place at Spirit Hill Farm near Holly Springs, Mississippi, USA

(34.666198, -89.700462). Located within the East Gulf Coastal Plain section of Mississippi, the
mean annual precipitation and temperature range of the study area is 1,460 mm and 7.9-15.1°C,
respectively (National Center for Environmental Information, 2018). The soils on the site are
from the Providence silt loam series, which was formed from loessal sediments over loamy
marine deposits. These soils are characterized as moderately well drained (Web Soil Survey,
2018). A 1.26-ha study area was established in an upland oak forest, divided into three equal 60m × 70-m subplots. Within each subplot, five tree species were selected for study, due to
availability across the selected study area, as well as previous mesophyte research done on
several of the species. Each selected tree needed to also match with a similar sized tree in in
both DBH and subplot location in order to have one for stemflow and throughfall measurements
and the second for soil moisture measurements. These species included the pyrophytic white oak
and southern red oak, as well as the hypothesized mesophytic red maple, winged elm, and
mockernut hickory. Each species had three replicates in both the overstory and midstory per
treatment except for winged elm, which was only found within the midstory in the study area
(Table 1.1). This project was conducted from November 2017 to March 2019.
5

Table 1.1

Number of trees per species sampled for midstory and overstory throughfall and
stemflow and for midstory and overstory surface soil moisture at Spirit Hill Farm,
MS. Approximately half of the total number of sample trees sampled for
throughfall and stemflow were sampled for soil moisture. NA = not available
because no overstory trees of this species were found on our site.
Mesophytes

Upland oaks

C. tomentosa

A. rubrum

U. alata

Q. falcata

Q. alba

Midstory

17

16

18

4

15

Overstory

16

5

NA

20

18

Soil Midstory

9

7

9

2

7

Soil Overstory

8

1

NA

9

9

Throughfall
and Stemflow

Soil moisture

1.2.2

Stand and Tree-Level Characteristics
Trees for throughfall, stemflow and soil moisture measurements were selected by first

splitting the trees into overstory and midstory size classes. Diameter at breast height (“DBH”;
1.37 m) was measured on all selected trees (Table 1.2). Trees with a DBH ≥ 10 cm were
considered overstory trees, while midstory trees had a DBH of < 10 cm. Bark measurements
were made on the five species using the same trees measured for soil moisture (section 1.3.4)
(Table 1.2). Bark thickness average (cm) was measured at breast height in the four cardinal
directions using a bark thickness gage (JIM-GEM® Wood-Handled Bark Gauge, Forestry
Suppliers, Jackson, MS) (Table 1.2). Bark furrow depth (mm) was measured using a pin flag
and ruler at two points per cardinal direction at breast height (Table 1.2). Leaf phase was
6

monitored across the length of the study, to assess how canopy size varied during the growing or
leaf on season (April-October) and the dormant or leaf off season (November-March).
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Table 1.2

Mean (± SE) canopy and bark characteristics of study species at Spirit Hill Farm, MS. Bark thickness and bark
roughness were measured on soil moisture trees, leading to only one measurable A. rubrum with no standard error
calculated for these variables. The number of trees only reflects the number of trees used in the stemflow and
throughfall selected and not the total number of trees used in the study. Tree species codes are used in the graphs and
tables of Section 1.3. More detail found on page4
Species
Code

Number of Bark Thickness (cm) Bark Roughness
(mm)
Trees (n)

DBH

(cm)

Crown Area
(m2/ha)

Basal Area
(m2/ha)

C. tomentosa

CATO

16

0.94 ± 0.16

7.35 ± 0.38

20.97 ± 3.15

38.61 ± 10.02

7.46 ± 0.11

A. rubrum

ACRU

5

0.55

2.13

20.74 ± 9.88

58.98 ± 17.06

0.26 ± 0.05

Q. falcata

QUFA

20

1.10 ± 0.13

9.24 ± 0.69

31.15 ± 2.92

28.29 ± 8.75

12.44 ± 0.11

Q. alba

QUAL

18

0.96 ± 0.12

7.74 ± 1.02

25.53 ± 3.56

63.93 ± 15.89

8.70 ± 0.13

C. tomentosa

CATO

17

0.58 ± 0.07

4.15 ± 0.52

5.96 ± 0.91

29.07 ± 3.31

0.37 ± 0.01

A. rubrum

ACRU

16

0.18 ± 0.03

0.53 ± 0.12

3.82 ± 1.10

24.41 ± 3.89

0.08 ± 0.00

U. alata

ULAL

18

0.30 ± 0.03

1.24 ± 0.29

4.24 ± 0.45

34.67 ± 5.08

0.16 ± 0.00

Q. falcata

QUFA

4

0.60 ± 0.12

4.71 ± 1.41

5.92 ± 0.48

27.38 ± 4.18

0.11 ± 0.01

Q. alba

QUAL

15

0.42 ± 0.07

2.22 ± 0.67

6.30 ± 1.35

21.93 ± 4.76

0.45 ± 0.01

Species
Overstory

Midstory
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1.2.3

Throughfall and Stemflow Hydrology
To determine stemflow volume, I randomly chose half of the selected trees, and installed

collars (October 2017) around the trunk at approximately DBH on the overstory and midstory
trees. Each collar drained into high-density polyethylene collection bins (55 or 70 L, depending
on expected stemflow output of the tree). Collars were created from 3.18-cm diameter
polyethylene tubing, sliced longitudinally and wrapped, nailed and caulked with silicone around
the trunk of the tree, with an uncut piece long enough to deposit stemflow directly into the
collection bin. The lid of each bin locked onto the bin itself and was cut to allow the
polyethylene tubing to go directly into the collection bin. The tube was caulked to the lid to keep
out debris as well as any rainwater that may have fallen on the tubing beyond the collar (Figure
1.1).
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Figure 1.1

Stemflow collectors at the field site in Spirit Hill Farm, MS.

Throughfall collectors were constructed from a 3.78 L bottle with a 12.5-cm diameter
funnel attached with duct tape to the mouth of the bottle and placed on the ground at the bole of
each tree that had a stemflow collar attached (Figure 1.2). Overstory trees had a second
throughfall collector placed approximately at the midpoint of the canopy. Because only water
volume was being collected, there was no prevention for debris to fall into the funnel.
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Figure 1.2

Throughfall collector set up at the field site in Spirit Hill Farm, MS.

Stemflow and throughfall volume measurements were taken every three to four weeks,
from November 2017 to March 2019. In the midstory and overstory, cumulative stemflow
volume (L) was standardized by the basal area of the tree (m2) to account for variation between
the sizes of the trees. North-south and east-west canopy diameters (cm2) were measured and
averaged, to calculate canopy area. The depth equivalent of stemflow (D) was calculated as

𝐷=

𝑉
𝐴
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(1.1)

where V was the volume of stemflow (cm3) and A was the canopy area (cm2).
Stemflow partitioning (SF) was calculated by

𝑆𝐹(%) =

𝐷
∗ 100%
(𝑅 ∗ 0.1)

(1.2)

where D was depth equivalent (cm) and R was total monthly rain volume (mm).
Throughfall depth equivalent was calculated by

𝐷=

𝑉
122.8

(1.3)

where 122.8 cm2 was the surface area of the funnel and V was the field-measured volume (cm3).
Throughfall partitioning (TF) was calculated by

𝑇𝐹(%) =

𝐷
∗ 100%
(𝑃 ∗ 0.1)

(1.4)

where D is the depth equivalent (cm) and P is the depth of monthly precipitation measured (mm).
A rain gauge in Holly Springs, MS (Pondarosa, Site ID: KMSHOLLY3,
https://www.wunderground.com/dashboard/pws/KMSHOLLY3?cm_ven=localwx_pwsdash)
located approximately 32.3 km northeast of the study area was used to record monthly
precipitation data. Two HOBO RG3-M tipping bucket rain gauges (Onset, Inc., Bourne,
Massachusetts, USA) were also installed approximately 1.6 km northwest of the study area, in
the nearest open area to collect rainfall data to compare to the amount of water collected in the
forest stand.
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1.2.4

Soil Moisture
Soil moisture measurements were collected the same day as stemflow and throughfall

data, occurring every three to four weeks. Soil moisture measurements were collected from a
different set of trees than the stemflow and throughfall trees, to avoid interference from the water
collection bins. Trees that had stemflow and throughfall collectors were not able to naturally
direct rainwater to the soil, leading to a decrease in available soil moisture. The soil moisture
trees had similar stature (DBH within 10 cm and in same canopy position) and within the same
subplot as the stemflow and throughfall trees. This lack of collar allowed for uninterrupted water
to flow down to the soil and be measured. Soil moisture measurements were recorded with a
FieldScout Time Domain Reflectometry probe (TDR; model 150, Spectrum Technologies,
Aurora, IL) at three soil depths (7.6 cm, 12.0 cm and 20.0 cm) after removing the litter layer,
and at three distances from each tree: trunk, mid canopy, and edge of canopy. A total of nine
data points per tree were taken to provide a comprehensive view of the soil profile. The three
soil depths were chosen to create a full view of the soil moisture in the surface layer. The
shallow depth (7.6 cm) is where seedling regeneration occurs, while the deepest depth (20.0 cm)
is where trees tend to create reservoirs to use during in times of need (Levia et al., 2010;
Schooling and Carlyle-Moses, 2015). The intermediate depth (12.0 cm) was used to connect the
other two measurements and create a full profile. Soil moisture values were standardized by
averaging all soil moisture values collected per sampling date to create an average soil moisture.
Soil moisture values from individual trees were then subtracted from the average monthly value
to determine the deviation of individual trees from average.
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1.2.5

Data Analysis
Data analyses were performed using RStudio version 1.1.456. I used the Shapiro-Wilk

test to determine the normality of the data. Throughfall percentage, stemflow percentage and
changes in soil moisture data were all found to be non-normal and were then compared across
tree species and canopy layer using the non-parametric Kruskal-Wallis test. The differences
detected were then analyzed with a post-hoc test for non-parametric measurements, Dunn’s test.
A Dunn’s test was also used to determine significance by canopy layer and sample date in the
soil moisture measurements, as well as significance between the depth and distance soil moisture
measurements taken. All analyses were calculated using a 95% confidence interval. A
correlation matrix between multiple variables was created for each species in both the midstory
and overstory. Midstory trees were analyzed for throughfall percentage, stemflow percentage,
canopy area (m2), bark roughness, bark thickness, and all nine depth and distance measurements
of soil moisture. Overstory correlation matrixes included all of the previously listed variables as
well as the second location of throughfall collection at the mid canopy.
1.3
1.3.1

Results
Bark Characteristics
The mesophytes and oak species in both overstory and midstory behaved differently

based on their bark characteristics. In both overstory and midstory, southern red oak had the
thickest bark among the tree species (Table 1.3). Bark thickness of midstory mockernut hickory
was not significantly different than the two oak species (QUFA p = 0.39, QUAL p = 0.11), and
had the second roughest bark, with approximately 7.8 times rougher bark (i.e. deeper bark
furrows) than red maple. Overstory red maple had two times thinner bark, and 4.3 times
smoother than southern red oak, while midstory red maple was 8.9 times smoother than southern
14

red oak. In both the overstory and midstory, red maple had the thinnest bark of the tree species
studied, with 3.3 times thinner than southern red oak. Both white oak and southern red oak had
the thickest and roughest bark of the overstory species and were 1.1 and 1.3 times rougher and
1.0 and 1.2 times thicker than mockernut hickory respectively.
Table 1.3

Mean (± SE) bark thickness and roughness (depth of bark furrows). Different
letters in the significant difference (CL= 95%) from the Tukey-Kramer post-hoc
column denote differences (p < 0.05) between midstory and overstory tree species
measured at Spirit Hill Farm, MS.
Bark
Thickness
(cm)

Standard
Error

Significant
Difference

Bark
Roughness
(cm)

Standard
Error

Significant
Difference

CATO

0.58

0.07

a

4.15

0.52

a

ACRU

0.18

0.03

c

0.53

0.12

c

QUFA

0.60

0.12

a

4.71

1.41

a

QUAL

0.42

0.07

ab

2.22

0.67

b

ULAL

0.30

0.03

bc

1.24

0.29

b

CATO

0.94

0.16

A

7.35

0.38

A

ACRU

0.55

NA

NA

2.13

NA

NA

QAFR

1.10

0.13

A

9.24

0.69

A

QUAL

0.96

0.12

A

7.74

1.02

A

Species
Midstory

Overstory
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1.3.2

Canopy Characteristics
Midstory southern red oak had the largest canopy area of the midstory canopy layer and

was 1.6 times larger than winged elm (Table 1.4). Midstory white oak and winged elm were
significantly different from each other (p = 0.01). Overstory red maple had the largest canopy
area average and increased by 2.4 times from its midstory counterpart. Overstory southern red
oak canopy area was significantly smaller from both red maple (p = 0.02) and white oak (p =
0.01). While not significantly different, overstory mockernut hickory was 1.5 times smaller than
red maple (p = 0.06) and 1.7 times smaller than white oak (p = 0.09).

16

Table 1.4

Mean (± SE) canopy area. Different letters in the significant difference (CL =
95%) from the Tukey-Kramer post-hoc column denote differences (p < 0.05)
between midstory and overstory tree species measured at Spirit Hill Farm, MS.
Canopy Area (m2/ha)

Standard Error

Significant Difference

CATO

29.07

3.31

ab

ACRU

24.41

3.89

ab

QUFA

34.67

5.08

ab

QUAL

27.38

4.18

b

ULAL

21.93

4.76

a

CATO

38.61

10.02

AB

ACRU

58.98

17.06

A

QAFR

28.29

8.75

B

QUAL

63.93

15.89

A

Species
Midstory

Overstory

1.3.3

Stemflow
Mesophytic tree species (i.e. red maple, winged elm and mockernut hickory) in both the

overstory and midstory redistributed more rainwater as stemflow than oaks (Figure 1.3).
Midstory red maple generated approximately three times more stemflow than white oak and 7.6
17

times more than southern red oak (Figure 1.3A). In the midstory, white oak, mockernut hickory
and red maple showed an increase of cumulative average stemflow of 8, 3, and 25 times
respectively over their overstory counterparts, while southern red oak showed only a slight
increase in cumulative average stemflow of 1.4 times. In comparison, overstory red maple
collected only 1.1 times more stemflow than white oak. In comparison, red maple and white oak
had much lower stemflow values at approximately 2,020 L/m2 and 1,920 L/m2.
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Figure 1.3

Cumulative stemflow volume averaged across species of (A) midstory and (B)
overstory tree species, (mockernut hickory (CATO), red maple (ACRU), southern
red oak (QUFA), white oak (QUAL) and winged elm (ULAL)), over a 14-month
sample period at Spirit Hill Farm, MS. Winged elm was only found in the
midstory.

Standardized by canopy area, averaged stemflow percent partitioning between overstory
and midstory, resulted in midstory species having five times more percent partitioning than their
overstory counterparts. There was a large significant difference (p < 0.001) between the percent
of stemflow partitioned between midstory red maple and the other four midstory species (Figure
1.4). Midstory mockernut hickory (Figure 1.4A) partitioned 4.0 times more stemflow than
southern red oak and were significantly different (p = 0.04). Midstory red maple had
approximately 7.6 times the precipitation partitioned as stemflow compared to southern red oak.
In the overstory (Figure 1.4B), red maple had approximately 22.0 times less stemflow
partitioning compared to its midstory counterpart. Overstory mockernut hickory and southern
red oak (Figure 1.4B) were both significantly different from red maple (CATO and ACRU p <
0.01 QUFA and ACRU p < 0.01) and white oak (CATO and QUAL p < 0.01 QUFA and QUAL
p < 0.01). Overstory mockernut hickory had 3.1 times more stemflow percent partitioned than
white oak and 2.8 times more than red maple.
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Figure 1.4

1.3.4

Mean percentage (± SE) of precipitation redistributed as stemflow standardized by
canopy area in the (A) midstory and (B) overstory by species (mockernut hickory
(CATO), red maple (ACRU), southern red oak (QUFA), white oak (QUAL) and
winged elm (ULAL)). Significant differences (p < 0.05) between species are
denoted with different uppercase letters. Winged elm was only found in the
midstory.

Throughfall
There were no significant differences of mean percent partitioned as throughfall across

the midstory (p = 0.82) (Figure 1.5 A) or overstory species at the bole (p = 0.44) (Figure 1.5 B)
or mid-canopy location (p = 0.32) (Figure 1.5 C), with both mesophyte and oak species behaving
the same way. Midstory southern red oak (Figure 1.5 A) had a large range of variability due to
only having two available midstory sized trees within the study area to record throughfall
measurements on. A comparison of throughfall partitioning of precipitation in the overstory
20

species across both collection locations (Figure 1.5 B & C), showed that regardless of where the
collection was recorded there was no significant difference between the species or collection
points of the same species. Overstory mesophytes had slightly higher percentages of throughfall
collected at the bole of the tree compared to the oak species, with mockernut hickory having 1.2
times more throughfall partitioning than white oak and 1.1 times more than southern red oak
(Figure 1.5B).

Figure 1.5

Mean percentage (± SE) of precipitation partitioned as throughfall in the (A)
midstory, (B) overstory bole, and (C) overstory mid canopy by species (mockernut
hickory (CATO), red maple (ACRU), southern red oak (QUFA), white oak
(QUAL) and winged elm (ULAL)). There were no significant differences (p <
0.05) between species in either midstory or overstory.
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Midstory and overstory species had an increase in throughfall percent partitioning
between the leaf on and the leaf off stages. However, when evaluated across different leaf
phases, there were significant differences in throughfall partitioning among species in both
midstory (p < 0.05) (Figure 1.6 B) and overstory (p < 0.05) (Figure 1.6 D). Midstory southern
red oak had an increase in throughfall partitioning by 1.5 times from leaf on to leaf off phase and
had approximately 1.4 times more throughfall partitioning than red maple during the leaf off
phase (Figure 1.6 A & B). Overstory white oak had lower throughfall partitioning with 1.1 times
less than mockernut hickory during the leaf off phase (Figure 1.6 D). Both the midstory (p =
0.392) and overstory (p = 0.096) had no significant differences among species during the leaf on
canopy phase, with all species also showing an increase in throughfall partitioning during the
leaf off phase compared to during leaf on phase (Figure 1.6 A & C).
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Figure 1.6

1.3.5

Midstory (A & B) and overstory (C & D) mean ± SE throughfall partitioning of
precipitation by species (mockernut hickory (CATO), red maple (ACRU), southern
red oak (QUFA), white oak (QUAL) and winged elm (ULAL)), during leaf on
(April-October) and leaf off (November-March) phases. Significant differences (p
< 0.05) between species are denoted with different uppercase letters.

Soil Moisture
In the midstory, both southern red oak and red maple had total average soil moisture

values wetter than the stand average, while mockernut hickory and winged elm and drier than
average soils. Southern red oak’s average change in VWC was 2 times more than red maple
23

(Figure 1.7 A). Midstory red maple had 1.3 times wetter soils than overstory red maple, while
midstory red oak was 12 times wetter than overstory southern red oak. Overstory red maple
(Figure 1.7 B) had the most significantly different VWC between species (p < 0.01), and when
compared to other species, had ~ 1.7 times higher VWC than white oak and 5.2 times higher
VWC than southern red oak (Figure 1.7 B). Southern red oak had 13 times drier soils beneath
the overstory compared to the midstory.

Figure 1.7

Mean overstory and midstory differences in average volumetric water content
(VWC) (± SE) by species (mockernut hickory (CATO), red maple (ACRU),
southern red oak (QUFA), white oak (QUAL) and winged elm (ULAL)), from
total stand average with more negative values equating to wetter soils. Significant
differences (p < 0.05) between species are denoted with different uppercase letters.
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In general, VWC results tracked changes in soil moisture based on seasonality. Across all
species, the trend of having wetter soils in the winter months, then drier soil in the summer
months was found at all depths and distances studied (Figure 1.8, 1.9 and 1.10). At all three
depths midstory (Figure 1.8 A, B & C), the bole VWC of the red maple and southern red oak
closely overlapped with the highest VWC values, while white oak VWC often overlapped with
mockernut hickory, and winged elm. Midstory mid-canopy (Figure 1.9 A, B, & C), VWC of
southern red oaks at depths of 7.6, 12.0 and 20.0 cm were consistently higher than red maples by
1.1, 1.1 and 1.2 times respectively. Winged elm and midstory mockernut hickory (Figure 1.9 A,
B, & C) had lower VWC percentages than red maple with a decrease with depth. Midstory red
maple and white oak had similar values at the 12.0 cm (Figure 1.10 B) and 20.0 cm (Figure 1.10
C) depths; however, red maple had 1.2 times higher VWC percentage at 7.6 cm depth (Figure
1.10 A). In the overstory (Figure 1.8 D, E, 1.9 D, E), red maple had the highest VWC at all three
soil depths at the bole and mid canopy of the tree with VWC 1.4 and 1.2 times higher than
southern red oak respectively. During the dormant season (winter months), overstory red
maple’s average VWC at 7.6 cm depth (Figure 1.8 D) was 1.3 times wetter than southern red
oak. However, in the growing season red maple was only 1.2 times wetter than southern red oak
at 7.6 cm depth. Overstory (Figure 1.9 D, E, & F and 1.10 D, E, & F) red maples had the highest
VWC regardless of the depth the measurement was taken and was approximately 1.3 and 1.2
times higher averaged VWC percentage than white oak respectively.
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Figure 1.8

Mean (± SE) monthly average volumetric water content (VWC) percentage at the bole of midstory trees at depth 7.6 cm
(A), 12.0 cm (B) and 20.0 cm (C) and overstory trees at depth 7.6 cm (D), 12.0 cm (E) and 20.0 cm (F). Tree species
include mockernut hickory (CATO), red maple (ACRU), southern red oak (QUFA), white oak (QUAL) and winged elm
(ULAL). Winged elm was not found in the overstory.
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Figure 1.9

Mean (± SE) of midstory at depth 7.6 cm (A), 12.0 cm (B) and 20.0 cm (C) and overstory at depth 7.6 cm (D), 12.0 cm
(E) and 20.0 cm (F) monthly average volumetric water content (VWC) percentage at the mid canopy of the tree by
species, (mockernut hickory (CATO), red maple (ACRU), southern red oak (QUFA), white oak (QUAL) and winged
elm (ULAL)). Winged elm was not found in the overstory.
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Figure 1.10

Mean (± SE) of midstory at depth 7.6 cm (A), 12.0 cm (B) and 20.0 cm (C) and overstory at depth 7.6 cm (D), 12.0 cm
(E) and 20.0 cm (F) monthly average volumetric water content (VWC) percentage at the edge of the canopy of the tree
by species, (mockernut hickory (CATO), red maple (ACRU), southern red oak (QUFA) white oak (QUAL) and winged
elm (ULAL)). Winged elm was not found in the overstory.
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In the midstory, there were strong positive correlations in red maple, winged elm and white oak
between all nine different soil moisture readings (Figure 1.11). White oak had a calculated 1.8
times stronger and more positive correlation at the 20.0 cm probe readings than with any of the
other probe lengths and distances from the tree bole readings. Midstory southern red oak was the
only midstory species to have strong positive correlations between both throughfall and stemflow
in relation to soil VWC, as well as weak positive correlations between canopy area and VWC.
In red maple there was a strong negative correlation between stemflow percentage and canopy
area, which was the strongest negative correlation across the midstory approximately 4.0 times
higher than the other species at the same comparison. Mockernut hickory, winged elm, and
white oak also had negative correlations between stemflow percentage and canopy area;
however, these correlations were approximately 2.5 times weaker than red maple. All species
had strong positive correlations between bark thickness and bark roughness, with southern red
oak having the strongest correlation of positive 0.8.

29

Figure 1.11

Correlation matrix of each midstory species, (mockernut hickory (CATO), red maple (ACRU), southern red oak
(QUFA), white oak (QUAL) and winged elm (ULAL), across 14 variables, (throughfall percent partitioning (boleTF),
canopy area (CA_m2), stemflow percent partitioning (SFPercent), bark thickness (cm) (Thickness), bark roughness (cm)
(Roughness), soil moisture measurements at different depths 20.0 cm, 12.0 cm, and 7.6 cm (L, M, S) and measurement
locations of bole, mid canopy, and edge of canopy (1, 2, 3)). Larger circles indicate stronger correlation. Dark blue is a
positive correlation, and dark red is negative correlation.
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Overstory red maple had strong negative correlations between both throughfall
measurements and more than half of the soil moisture readings (Figure 1.12). All species had a
negative correlation between stemflow percentage and canopy area, with a difference of 2.0
times between red maple and the other species. All species had a positive correlation, with
southern red oak having a 2 times stronger positive correlation between stemflow percentage and
both throughfall collector variables than the other overstory species. Red maple was the only
species that had strong correlations between soil moisture and throughfall, as all but the 12.0 cm
measurements taken at the bole had negative correlations. White oak and mockernut hickory had
a negative correlation roughly 4.0 times stronger that southern red oaks positive correlation
between bark thickness and bark roughness. All other species had negative correlations between
the soil moisture variables ranging from 4 times to 1.5 times less correlated.
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Figure 1.12

Correlation matrix of each overstory species, (mockernut hickory (CATO), red
maple (ACRU), southern red oak (QUFA), and white oak (QUAL), across 15
variables, (throughfall percent partitioning at the bole (boleTF), throughfall percent
partitioning at the middle of the canopy (midTF), canopy area (CA_m2), stemflow
percent partitioning (SFPercent), bark thickness (cm) (Thickness), bark roughness
(cm) (Roughness), soil moisture measurements at different depths 20.0 cm, 12.0
cm, and 7.6 cm (L,M,S) and measurement locations of bole, mid canopy, and edge
of canopy (1, 2, 3)). Larger circles indicate stronger correlation, dark blue is more
positive correlation, and dark red is negative correlation. There was only one
overstory maple measured for bark roughness and bark thickness so there was no
way to calculate a correlation between the bark characteristics themselves.
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1.4

Discussion
In the midstory, species with rougher bark, such as mockernut hickory and southern red

oak, had less rainfall partitioned as stemflow than species with smoother bark, such as winged
elm and red maple. This correlates with findings of smooth bark species having greater
stemflow (Barbier et al., 2009; Levia et al., 2010; Siegert and Levia, 2014). This also connects
with findings that smoother bark species have less water absorption capacity than thicker barked
species (Crockford and Richardson, 2000; Van Stan and Levia, 2010). Midstory red maple and
winged elm had the thinnest and smoothest bark of the species sampled, and also partitioned the
largest amount of rainfall to stemflow. Mesophytes funneled more water as stemflow than oaks,
supporting the original hypothesis that the mesophytes created moister environments at the base
of the tree than oaks. This was shown in Figures 1.8, 1.9 and 1.10, with mesophyte species
having higher averaged VWC than oak species at all depths and distances. Even during drier
times of the year, mesophytes continued to show higher VWC measurements. However, in the
overstory, both mockernut hickory and southern red oak, two of the rougher-barked species, had
a higher percent of rainfall partitioned as stemflow than red maple. Both of these species had the
two smallest canopy areas of the overstory (Table 1.4), as well as more plagiophile branch
orientation (Van Stan et al., 2016; Kermavnar and Vilhar, 2017; Li, X et al., 2017). This branch
orientation as well as the density of the canopy creates a more shaded understory environment.
Allen et al. (2018) found that that while oak regeneration suffers from mesophytes in the
overstory, mesophytes are positively associated with overstory oak. The lack of direct light to
the forest floor reduces the oak regeneration but allows for the shade tolerant mesophytes to
grow (Nowacki and Abrams, 2008).
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Based on stemflow partitioning and VWC, overstory mockernut hickory and both
overstory and midstory red maple, partitioned the most rainwater into the soil. Midstory red
maple produced the highest cumulative stemflow and the wettest surface soils of the mesophyte
group. Despite having a lower average throughfall volume across midstory species sampled,
there was a strong positive correlation between red maple throughfall and stemflow percent
partitioning. While the high stemflow volume was expected (Alexander and Arthur, 2010; Levia
et al., 2010), as well as the high soil moisture level surrounding the trees (Keim et al., 2005), few
papers have connected the two measurements (Levia et al., 2010). Overstory red maples had
much lower cumulative stemflow compared to their midstory counterparts, which has led some
to believe that it may be the midstory trees that are suppressing oak regeneration, through light
hindrance, more than the established overstory maple (Allen et al., 2018; Palus et al., 2018).
Winged elm had large volume of cumulative stemflow; however, soils were much drier than
those underneath midstory red maple. This may be due to winged elm directing more of the
water to deeper soil layers than red maple (Caldwell et al., 2016), or having both rougher and
thicker bark than midstory red maple. In studies red maple has shown to direct less growth
energy into its bark thickness than oak species, which may have contributed to the differences in
soil moisture between the two mesophytic species (Hamond et al., 2015). These bark
characteristics may lead to higher bark water storage for winged elm, so while there is high
stemflow volume, the tree’s bark may be absorbing the majority of that water, instead of creating
a wetter surrounding soil area (Van Stan and Levia, 2010; Ilek and Kucka, 2014; Palus et al.,
2018). Mesophyte species tend to store and use more water at the bole of the tree than oak
species to perhaps create moist areas around the tree for fire protection (Crockford and
Richardson, 2000; Levia et al., 2010).
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Soils beneath overstory white oak were the driest of the five species. Although midstory
southern red oak had the lowest stemflow partitioning and cumulative stemflow, it had the
highest averaged VWC in the soil. However, southern red oak averaged value may be skewed,
since there were fewer midstory southern red oak individuals located on the study site than the
other species in the study. The highest average VWC in the soil for midstory southern red oak
may have been due to changes in bark characteristics at different heights of a southern red oak
tree. In the overstory, southern red oaks have very smooth bark closer to the canopy, that
transition to rougher bark near DBH and ground level (Graves et al., 2014; Hammond et al.,
2015). The southern red oak midstory trees had much smoother bark than the overstory trees at
DBH height (Table 3). This smoother bark in the midstory may not have been reflected in
stemflow partitioning due to the age and height of the sampled trees but was apparent in the soil
moisture (Figure 1.7). The above average VWC of red maples in both the overstory and midstory
was consistent with the literature findings that maples create more moist soil environments
compared to the oak species (Barbier et al., 2009; Li et al., 2017).
Increased stemflow in leaf-off conditions has often been observed (Schooling and
Carlyle-Moses, 2015), leading to a decrease in throughfall partitioning. This however was not
observed in the throughfall percent partitioning between the leaf off and leaf on phases (Fig 1.6).
While there were no throughfall differences among species in the growing season, there were
differences between species in the dormant season. This was expected, as there were fewer
leaves to intercept the rainfall and partition the storm event away from throughfall (Yousefi et
al., 2018). This increase in throughfall during the dormant season correlates with the VWC
trends of increased soil moisture from November to March, as well as changes in seasonal
transpiration and tree’s water use (Metzger et al., 2017; Yuan et al., 2017). An increase in
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throughfall creates wetter environments for the trees away from the bole of the tree, leading to
less water being partitioned to the bole of the tree (Keim et al., 2005; Bessi et al., 2018). In the
overstory, white oak had a decrease in throughfall during the leaf off stage. The plagiophile
branch geometry of the tree may have created a larger area for rainwater to come into contact
(Siegert and Levia, 2014; Schooling and Carlyle-Moses, 2015), and then be absorbed into the
bark of the branches (Keim et al., 2005; Zabret 2017). Although there may be an increase in
interception and subsequent decrease in throughfall beneath crowns of mesophytes due to
increases in canopy density (Cisneros Vaca et al., 2018; Siegert et al., 2019), mesophytes tend
have higher stemflow volume and may still create a wetter environment that contributes to
mesophication (Crockford and Richardson, 2000; Levia et al., 2010). The differences in
throughfall between the growing and the dormant seasons also impact the land’s ability to burn.
Natural fires are most likely to occur during the growing season (Keyser et al., 2019), while most
prescribed burns are done during the dormant season (Peterson & Reich, 2001; Brose et al.,
2013). Rainwater partitioning varies due to the different canopies of the tree as well as the
canopy layer of the tree.
Soil moisture was highest during the leaf off period of the study, and soil moisture was
highly influenced by throughfall volumes (Keim et al., 2005; Zhang et al., 2015; Bessi et al.,
2018). The three different length probes illustrated a full surface soil moisture profile: above the
root uptake system for established trees (20.0 cm) (Schooling and Carlyle-Moses, 2015),
intermediate depth (12.0 cm), and the regeneration of seedlings (7.6 cm) (Abrams and Kubiske,
1990). After removing the litter layer and measuring the soil moisture at the deepest depth (20.0
cm) it may have been possible that some readings were in the reservoirs created by trees for
drought or other times of need (Levia et al., 2010; Schooling and Carlyle-Moses, 2015). Most of
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this soil moisture comes from stemflow partitioning (Crockford and Richardson, 2000). The
shallowest depth (7.6 cm) shows the variability in throughfall across the species. Due to branch
orientation the oak species had higher soil moisture values at the mid and edge sample locations
(Fig 1.8-1.10) (Kermavnar and Vilhar, 2017; Li, X et al., 2017).
Light is a limiting factor for oak seeding regeneration; however, soil moisture can be a
limiting resource for red maple (Allen et al., 2018). Mesophyte tree species had soil that
remained moister for a longer period of time than the oak species during the dormant season.
Caldwell et al. (2016) and Allen et al. (2018) found that the soil around mesophytes had higher
water content than surrounding non-mesophyte species. This increase in soil moisture and a
wetter environment may increase the chances of mesophyte species potentitally surviving during
fire events (Kobe et al., 1995; Dyer and Hutchinson, 2019). This ability to hold onto water may
create a protective buffer around the mesophytes during the dormant season, when prescribed
burning is more likely to occur (Metzger et al., 2017; Yuan et al., 2017).
1.5

Conclusion
Research that connects a tree’s physical characteristics, including canopy structure, bark

thickness and bark roughness, as well as water partitioning in relation to mesophication, will
continue to expand on solutions to stop or reverse the feedback loop (Alexander and Arthur,
2010). The water partitioning of oak species in comparison to mesophytes supported the research
previously done on the decline in oak regeneration (Crockford and Richardson, 2000; Nowacki
and Abrams, 2008; Levia et al., 2010), and the positive feedback loop of mesophication favoring
non-oak species. The wetter soil moisture found around mesophytes may lead to a change in
fuelbed moisture levels; however, it is important to note that soil moisture is not fuelbed
moisture, since it does not include the litter layer which is the primary fuel source. Soil moisture
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does have the opportunity to potentially impact fuel bed moisture, by transferring excess
moisture into leaf litter. The leaf litter may then not burn as easily due to the increase in
moisture. Additional research would be needed to connect these two aspects of water partitioning
in a forest stand. After studying how much water each species partitions into the soil, future
studies may want to expand on how much water these specific tree species remove from the soil
by root uptake. This will create a more thorough examination of the impact mesophyte species
have on the forest stand, as well as how these species can be managed using methods other than
prescribed fire.
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CHAPTER II
SEASONAL CHANGES IN LEAF WATER STORAGE CAPACITY OF EIGHT EASTERN
U.S. HARDWOOD TREE SPECIES
2.1

Introduction
Across the central and eastern U.S., a shift in forest species composition is occurring

from fire-tolerant, shade-intolerant upland oaks (Quercus spp.) to fire-sensitive, shade-tolerant
species such as red maple (Acer rubrum). This process, termed mesophication (Nowacki and
Abrams 2008), is driven by a hypothesized positive feedback loop where shade-tolerant species
(i.e., mesophytes) outcompete shade-intolerant, fire-resistant species to create a shadier, moister
environment that is less flammable, thereby facilitating the survival of fire-sensitive mesophytes
(Nowacki and Abrams 2008). This process promotes the continued growth and dominance of
mesophytes over oaks because mesophytes are typically more shade-tolerant than oaks and are
capable of growing in closed canopy, low-light environments (Nowacki and Abrams, 2008).
Growth strategies between shade-tolerant vs. shade-intolerant species are manifested in leaf
characteristics and canopy geometry of tree species. These differences in turn may impact
partitioning of rainwater into stemflow, rainwater that flows down the branches and trunk of the
tree into the forest floor; throughfall, rainwater that flows through the canopy and into the soil;
and interception, rainwater that is collected on the leaves of the canopy then is re-evaporated or
absorbed by the leaves (Barbier et al., 2009; Levia et al., 2011; Siegert et al., 2016; Drotar et al.,
in preparation).
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Canopy water storage capacity is the maximum amount of rainwater the canopy is able to
intercept during a storm event (Llorens and Gallart, 2000; Holder, 2013). Canopy water storage
capacity determines how much rainwater the tree crown intercepts and how much is shed as
throughfall and stemflow (Link et al., 2004; Zhang et al., 2015; Venkatraman and Ashwath,
2016). At the whole tree level, the quantity of rainwater intercepted and stored in the canopy is
determined by crown architecture and total leaf area. Shade-tolerant species often tend to have
denser, deeper crowns than shade-intolerant oak species (Van Stan and Levia, 2010). Many
mesophytes have erectophile branches, which are vertically oriented, allowing mesophytes to
direct rainwater captured by the canopy down branches to the base of the tree more so than trees
that have plagiophile branches, which are horizontally oriented, such as oaks (Van Stan et al.,
2016; Kermavnar and Vilhar, 2017; Li X et al., 2017). Several studies suggest that as oak
canopy density decreases, the amount of interception also decreases, allowing more rainwater to
reach the forest floor (Staelens et al., 2007; Barbier et al., 2009; Molina and del Campo, 2012;
Zabret, 2017; Bessi et al., 2018; Cisneros Vaca, 2018).
At the individual leaf scale, characteristics such as surface texture, surface area, age of
the leaf, leaf orientation, and thickness are important factors influencing water storage
(Crockford and Richardson, 2000; Llorens and Gallart, 2000; Park and Cameron, 2008; Sadeghi
et al., 2018). One of the primary factors that affect variation in interception between mesophytes
and oaks is the cuticle on the leaf’s surface (Barthlott and Neinhuis, 1997; Neinhuis and
Barthlott, 1998; Buschhaus et al., 2007). The cuticle thickness as well as how long the wax lasts,
differs widely among species (Neinhuis and Barthlott, 1998; Wang et al., 2015B). Oaks have a
resilient cuticle that slowly erodes over the course of the growing season, while Fagus
grandifolia (American beech) leaves have no coating (Neinhuis and Barthlott, 1998). The wax
40

coating on a leaf creates more hydrophobic surfaces, that when weathered, decreases the leaf’s
ability to shed water from its surface (Neinhuis and Barthlott, 1998). Additional textures on leaf
surfaces are created by hair-like trichomes that grow out of the surface of the leaf (Barthlott and
Neinhuis, 1997; Neinhuis and Barthlott, 1998; Wang et al., 2015B; Li et al., 2017). Some
species, such as American beech, lose these hairs due to abrasion from rain events, creating a
more homogenous smooth surface, with less water storage capacity (Neinhuis and Barthlott,
1998). As the leaf ages throughout the growing season, changes in both the leaf’s surface texture
and area change, leading to a decrease in the leaf’s water storage capacity. Leaf thickness
contributes to the leaf’s ability to retain water (Poorter, 2009; Vogel, 2009). Smaller, thicker sun
leaves have more stomata per unit area, while larger and thinner shade leaves lose its water from
evaporation more slowly (Vogel, 2009; Wu et al., 2017). This slower transpiration rate of the
shade leaves and more stomata of sun leaves enable the leaf’s cells to remain rigid, creating a
larger surface area for rainwater to adhere (Poorter, 2009; Vogel, 2009; Wu et al., 2017).
Another factor in leaf water storage comes from the species’ ability to grow in differing light
environments. Leaves designed for low light levels are formed differently, typically with larger,
thinner leaves to capture as much light as possible (Poorter, 2009; Vogel, 2009; Coble et al.,
2017; Wu et al., 2017). This increase in surface area allows for shade leaves that may not have
direct access to rain events to have a larger surface area to catch any drip from upper canopy
leaves (Zabret et al., 2017). These different factors contribute to creating differences in canopy
storage capacity between shade-tolerant and shade-intolerant species.
Branch orientation and other canopy characteristics also impact rainwater partitioning,
and these traits often vary by tree species. Oaks typically have more horizontally oriented,
shallow crowns, while mesophyte species, such as red maple and American beech have
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vertically-oriented branches and denser, deeper crowns (Alexander and Arthur, 2010). Several
studies suggest that as oak canopy density decreases, the amount of interception also decreases,
allowing more rainwater to reach the forest floor (Staelens et al., 2007; Barbier et al., 2009;
Molina and del Campo, 2012; Zabret, 2017; Bessi et al., 2018; Cisneros Vaca, 2018).
Interception, rainwater detained by the forest canopy, is similarly influenced by canopy structure
(Schooling and Carlyle-Moses, 2015; Molina et al., 2019). Leaf orientation, either horizontal or
at a downward angle in the crown, may influence its hydrophobicity by allowing rainwater to
either pool on the leaf surface or be shed to the lower crown or soil below (Holder, 2013; Wang
et al., 2015; Xiao and Mcpherson, 2016). Leaves that are closer together also have splash back
and dripping effects, the water falling from one leaf to another in the crown, on surrounding
leaves (Holder, 2013; Zabret et al., 2017; Carlyle-Moses et al., 2018). This transfer of water may
also lead to a transfer of entrained particles (e.g., fungal spores or dust) from one leaf to another
(Neinhuis and Barthlott, 1998; Wang et al., 2015A).
Beyond tree characteristics, ambient storm conditions also influence how much water can
be retained in the canopy. Windy conditions may lessen interception and allow more water to fall
to the forest floor as throughfall (Llorens and Gallart, 2000; Holder, 2013). Rainfall intensity
results in differences in water droplet size as well as how much water is held on the leaf surface
(Holder, 2013; Xiao and McPherson, 2016). Higher rainfall intensity may cause the water to
strike a leaf at a higher impact velocity, breaking the water tension bonds between droplets on
the leaf (Neinhuis and Barthlott, 1998; Wang et al., 2015A). Differences in wind intensity may
affect where the rainwater lands on the leaf, such as the center or closer to an edge, as well as
how strongly the rainwater is able to adhere with the leaf surface (Xiao et al., 2000). The
strength of the wind may impact the leaf’s ability to hold onto the rainwater, as more intense
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wind events would be capable of moving the leaves (Holder, 2013; Li et al., 2017; Zabret, 2017).
This shaking will cause the water tension between the water molecule and leaf surface to break,
allowing the rainwater to drip to either another leaf or the soil below the tree (Holder, 2013; Link
et al., 2014; Wang et al., 2015A; Zabret, 2017). Changes in intensity, wind speed and canopy
architecture may have an effect on how much water the leaf is able to hold, whether the
rainwater stays on the initial leaf it hits, is shaken or drips onto another leaf in the canopy, or
falls to the soil below (Llorens and Gallart, 2000; Holder, 2013; Sadeghi et al., 2018).
The objective of this study was to determine how different rainfall intensities affect leaf
water storage between canopy levels (midstory vs. overstory) of the same species as well as
among shade-tolerant mesophytic species and shade-intolerant oaks. I hypothesized that oak
species would have less water storage capacity in comparison to mesophytes when standardized
for leaf surface area, due to the thick cuticle on oak leaves. I also hypothesized that early
growing season, or young leaves, would have a lower water storage capacity compared to late
growing season (i.e. older leaves), due to the loss of cuticle on the leaves as they age. Lower
intensity rainfall resulted in higher water retention rates on the leaf regardless of species and
canopy layer, as the water droplets were able to retain the water tension to the leaf surface.
Leaves exposed to windy conditions retained less water than the same leaves not exposed to
windy conditions regardless of species and canopy layer. Results of this research will have
direct impact on the understanding on the hydrophobicity of upland oak forest species that are
currently transitioning to more mesophyte dominance
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2.2
2.2.1

Methods:
Leaf Water Storage Capacity – Water Displacement Method
Leaf water storage capacity was determined for eight native hardwood tree species in

Mississippi, USA. The tree species included white oak (Q. alba L.), southern red oak (Q. falcata
L.,), and post oak (Q. stellata Wangenh), as well as the hypothesized mesophytic red maple,
winged elm (Ulmus alata Michx.), mockernut hickory (Carya tomentosa (Poir.) Nutt), sweetgum
(Liquidambar styraciflua L.), and blackgum (Nyssa sylvatica Marsh.). To do water retention
measurements, I collected three leaves per species from both the midstory and overstory in the
late growing season, prior to senescence (11 October 2018) and early growing season after
complete leaf emergence (05 June 2019). Overstory leaves were collected using a slingshot. Red
maple, blackgum, and winged elm leaves were collected only from the midstory, as no overstory
trees were present on the site. Immediately after collection, I placed leaf samples on ice while in
the field, then stored at 4 °C. An Area Meter 3100 (LI-COR Lincoln, NE, USA) was used to
determine the surface area of the leaves (cm2), which I averaged per species per canopy layer
(Table 2.1).
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Table 2.1

Average leaf surface area (± SE) for each tree species, including white oak
(QUAL), southern red oak (QUFA), post oak (QUST), mockernut hickory
(CATO), red maple (ACRU), sweetgum (LIST), winged elm (ULAL), and
blackgum (NYSY), for overstory and midstory canopy layers.
Overstory (cm2)

Midstory (cm2)

Q. alba (QUAL)

84.1 ± 14.3

88.5 ± 10.9

Q. falcata (QUFA)

99.0 ± 22.2

120.0 ± 17.8

Q. stellate (QUST)

118.1 ± 12.3

79.1 ± 15.9

C. tomentosa (CATO)

310.4 ± 53.2

589.3 ± 99.5

L. styraciflua (LIST)

54.7 ± 9.6

69.4 ± 8.6

A. rubrum (ACRU)

-

36.0 ± 4.1

U. alata (ULAL)

-

10.0 ± 1.4

N. sylvatica (NYSY)

-

57.0 ± 4.0

The “water displacement method” is one way to determine leaf water storage capacity
(Llorens and Gallart, 2000; Van Stan et al., 2016; Li, X et al., 2017). In this method, leaves are
submerged in water to determine the volume of water detained on the leaf. This can be done to
simulate calm (i.e., conditions by weighing immediately after the leaf is submerged in water) or
windy conditions (i.e., shaking the leaf after submersion in water, then weighing). While these
established methods determine how much water a leaf is able to hold based on wind conditions,
it does not measure the leaf’s water retention in different rain intensities.
In the water displacement method, the mass of water detained on each leaf (MH2O) was
calculated by
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𝑀𝐻2𝑂 = 𝑀𝑤𝑒𝑡 − 𝑀𝑑𝑟𝑦

(2.1)

where Mdry was the initial dry mass of the leaf (g) and Mwet was the wet mass of the leaf (g) after
being submerged in water. This process was repeated three times per leaf, and results averaged.
Next, leaves were submerged into water then shaken to simulate windy conditions.
2.2.2

Leaf Water Storage Capacity: Rainwater Simulator
I also measured leaf water storage capacity following exposure to different simulated

rainfall intensities. For this experiment, I used a garden hose and standard 7- Pattern hose nozzle
(Orbit Bountiful, UT, USA) with different settings to simulate different rainfall intensities. To
create an intensity scale, the hose was sprayed into a 18.9 liter bucket at a consistent height (0.35
m), held against the top rim of the bucket and aimed at the bottom of the bucket at a 90° angle,
three times for each time interval: 10, 30, 60, 90 and 120 seconds. This interval test ensured that
a consistent quantity of water was expelled from the rainwater simulator. Each set of three runs
of 10 seconds was averaged together then divided by the amount of time passed to create the
volume of water (mL) released into the bucket per second (Table 2.2).
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Table 2.2

Mean intensity (± SE) of three different hose settings at 10 seconds time interval
used in the new methods for leaf water storage capacity.

Intensity

Mist (cm/hr)

Center (cm/hr)

Shower (cm/hr)

94.05 ± 1.18

643.86 ± 9.20

1259.29 ± 52.49

This method involved the same leaves as the water displacement experiment, with the
leaves instead being put in front of a hose that simulated different storm intensities (“mist”,
“center”, and “shower” settings) over a 10 second time interval. Leaves were mounted on a
0.5-m stand and attached with a binder clip by the petiole of the leaf. The hose was mounted
1.5 m high on a second stand to maintain a consistent height and 90° angle for all testing. An
aluminum pan was used to transfer the leaf to the measuring scale without additional water loss
from the leaf being unclipped from the stand (Figure 2.1).
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Figure 2.1

Set up for rainwater simulator with leaf clipped to a 0.5-m stand. Hose is attached
to a 1.5-m stand at a consistent angle of 90˚. An aluminum pan was used to
transfer the leaf to the measuring scale without additional water loss from the leaf
being moved to the scale.

Each leaf was sprayed three times per intensity and weighed before each test to have a
dry weight and then after for a saturated weight. Equation 2.2 was used to calculate how much
water was retained on the leaf.
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2.2.3

Data Analysis
Leaf water storage capacity was compared among species as well as by experiment. In

the midstory and overstory, water held on the leaf’s surface area was standardized by average
leaf surface area per species. To determine how much water was retained per leaf area (I),
calculations were completed based on the mass: volume relationship of water (i.e., 1 g H2O = 1
mL H2O) in the equation:

= 𝑀𝐻2 𝑂 /𝐴𝑆

(2.2)

where MH2O was the average volume of water held per leaf (mL), and AS was the surface area of
the leaf (cm2).
Data analysis was done using RStudio version 1.1.456. The Shapiro-Wilk test was used
to check for normality, and then the Levene Test or Bartlett.test was used to check for
homogeneity of variances. A one-way ANOVA was to determine how water storage capacity
differed among species under the five different “rainwater conditions” as well as among species
of different canopy layers. The Kruskal-Wallis test was used instead of a one-way ANOVA, as a
non- parametric test to determine sample mean differences followed by either a Tukey test or
Games-Howell from package “userfriendlyscience” as a post-hoc means separation. A one-way
ANOVA was run as a parametric for the normalized data set of the overstory late growing season
sampling in the dipped test. All other data sets were non-normalized. All statistical tests were
performed using α = 0.05.

49

2.3

Results
Except for midstory winged elm all species held more water in the late growing season

than the early growing season. Early growing season overstory southern red oak and white oak
were significantly larger than the other three-overstory species (p = 0.03) (Figure 2.2A and
2.2B). Late growing season overstory sweetgum held 1.5 times more than southern red oak and
2.8 times more than white oak. In the early growing season, midstory (Figure 2.2C) winged elm
held 3.2 times more water than white oak and post oak; however, in the late growing season
(Figure 2.2D), winged elm held 1.2 times less than white oak (p = 0.99) and 1.5 times less than
post oak (p = 0.87). Late growing season midstory red maple held approximately 1.7 times more
water than white oak, and about 1.3 times more than southern red oak. Between the early
growing season and the late growing season, red maple lost 3.9 times the amount of water able to
be held on its leaves. Winged elm, however, gained 3 times more water storage capacity in the
early growing season compared to its late season counterpart.
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Figure 2.2

Mean (± SE) overstory (A and B) and midstory (C and D) leaf water storage
capacity (g/cm2) of early growing season (June 5, 2019) and late growing season
(October 11, 2018) showed significant differences from the water displacement
test between species (white oak (QUAL), southern red oak, (QUFA), post oak
(QUST), mockernut hickory (CATO), sweetgum (LIST), red maple (ACRU),
winged elm (ULAL), and blackgum (NYSY)). Significant differences (p < 0.05)
between species are denoted with different uppercase letters standard error bars
using Tukey test and Games-Howell.

There was a significant difference among species in the windy conditions test in both the
midstory and the overstory (Figure 2.3). Overstory post oak had 2.5 times higher water retention
than mockernut hickory (p = 0.7), compared to the midstory difference of 1.6 times in the late
growing season (p = 0.9) (Figure 2.3 B and 2.3 D). Late growing season overstory white oak
(Figure 2.3 B) had 2.4 times more water retention than its early growing season counterpart
(Figure 2.3 A). Midstory early growing season winged elm held 1.8 times more water than white
oak (p <0.01), and 3.4 times more water than post oak (p < 0.01). Midstory southern red oak
gained water storage between the early growing season and the late growing season by 1.3 times.
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In the midstory late growing season (Figure 2.3 D), red maple had the highest water retention of
all eight species, with about 3.0 times more water held per g/cm2 than blackgum, which was the
only significant difference (p = 0.01) in leaf water retention among midstory species. Late
growing season (Figure 2.3D) midstory red maple had approximately 2.1 times more water held
than white oak, while southern red oak held 1.6 times more water than both winged elm and
sweetgum.

Figure 2.3

Mean (± SE) overstory (A and B) and midstory (C and D) leaf water storage
capacity (g/cm2) of early growing season (June 5, 2019) and late growing season
(October 11, 2018) showed significant differences from the shaken water
displacement test between species (white oak (QUAL), southern red oak, (QUFA),
post oak (QUST), mockernut hickory (CATO), sweetgum (LIST), red maple
(ACRU), winged elm (ULAL), and blackgum (NYSY)). Significant differences (p
< 0.05) between species are denoted with different uppercase letters standard error
bars using Tukey test.
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Late growing season leaf water storage capacity in the low intensity test (129.26 cm/hr)
was overall higher than early growing season except for winged elm and overstory sweetgum.
Early growing season overstory sweetgum held 5 times more water than white oak (p = 0.83)
(Figure 2.4 A), while winged elm held 5 times more water than its late growing season
counterpart (Figure 2.4 C). Red maple in the early growing season midstory (Figure 2.4 C) held
2.5 times more water than white oak (p = 0.23). Midstory white oak and blackgum in the late
growing season (Figure 2.4 D) retained similar amounts of water (0.008 g/cm2) and held
approximately 1.75 times less water on the leaf’s surface than winged elm. Midstory late
growing season red maple (Figure 2.4 D) was 1.25 times higher than white oak (p = 0.04), but
1.2 times less than southern red oak (p = 0.77).
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Figure 2.4

Mean (± SE) overstory (A and B) and midstory (C and D) leaf water storage
capacity (g/cm2) of early growing season (June 5, 2019) and late growing season
(October 11, 2018) showed significant differences from the low intensity (94.05
cm/hr) (mist) test between species (white oak (QUAL), southern red oak, (QUFA),
post oak (QUST), mockernut hickory (CATO), sweetgum (LIST), red maple
(ACRU), winged elm (ULAL), and blackgum (NYSY)). Significant differences (p
< 0.05) between species are denoted with different uppercase letters standard error
bars using Tukey test. Early growing season y-axis are double late growing
season.

Mid intensity test (884.86 cm/hr) showed a similar trend to low intensity between late
and early growing season water storage capacity. Early growing season overstory (Figure 2.5 A)
sweetgum held 5 times more water than white oak (p <0.01), while in the late growing season
overstory white oak (Figure 2.5 B) held 1.6 times more than sweetgum (p = 0.56). The early
growing season midstory winged elm (Figure 2.5 C) held 3.7, 7.5, and 6.0, times more water
than southern red oak, white oak, and post oak respectively. Late growing season midstory
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southern red oak (Figure 2.5 D) had 1.8 times more water retention than blackgum (p = 0.01),
and 1.6 times more water retention than mockernut hickory (p = 0.03).

Figure 2.5

Mean (± SE) overstory (A and B) and midstory (C and D) leaf water storage
capacity (g/cm2) of early growing season (June 5, 2019) and late growing season
(October 11, 2018) showed significant differences from the medium intensity
(643.86 cm/hr) (center) test between species (white oak (QUAL), southern red oak,
(QUFA), post oak (QUST), mockernut hickory (CATO), sweetgum (LIST), red
maple (ACRU), winged elm (ULAL), and blackgum (NYSY)). Significant
differences (p < 0.05) between species are denoted with different uppercase letters
standard error bars using Tukey test. Early growing season y-axis are double late
growing season.

High intensity (1,730.65 cm/hr) late growing season species held substantially more
water than their early growing season counterparts except winged elm and overstory sweetgum.
Early growing season overstory (Figure 2.6 A) sweetgum held 3.7, 9, and 3.6 times more water
than southern red oak, white oak, and post oak respectively. Early growing season midstory
winged elm was 5.5 times more retentive of water on the surface of the leaf than white oak (p =
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0.01), compared to 2.6 times in the late growing season (p = 0.35) (Figure 2.6 C and D). Early
growing midstory red maple held 2 times white oak (p = 0.09) (Figure 2.6 C), while late growing
season midstory red maple held 1.8 times more water than white oak (p <0.01), (Figure 2.6 D).
Late growing season southern red oak was approximately 1.7 times more retentive than
mockernut hickory in the midstory (Figure 2.6 D), and 1.8 times higher than mockernut hickory
in the overstory (Figure 2.6 B). Midstory winged elm decreased in water retention between early
growing season (Figure 2.6 C) and late growing season (Figure 2.6 D) by 1.9 times.

Figure 2.6

Mean (± SE) overstory (A and B) and midstory (C and D) leaf water storage
capacity (g/cm2) of early growing season (June 5, 2019) and late growing season
(October 11, 2018) showed significant differences from the high intensity (1259.29
cm/hr) (shower) test between species (white oak (QUAL), southern red oak,
(QUFA), post oak (QUST), mockernut hickory (CATO), sweetgum (LIST), red
maple (ACRU), winged elm (ULAL), and blackgum (NYSY)). Significant
differences (p < 0.05) between species are denoted with different uppercase letters
standard error bars using Tukey test. Early growing season y-axis are double late
growing season.
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2.4

Discussion
Across all three intensity tests, midstory winged elm and overstory sweetgum had higher

water retention in the early growing season while all other species had higher water storage in
the late growing season. Late growing season overstory oak species’ ability to hold more water
on the surface of its leaves when compared to hypothesized mesophytes regardless of intensity is
consistent with Holder (2013), who found that leaves with the highest leaf hydrophobicity had
the lowest water storage capacity. Oak leaves have a thick waxy coating that slowly degrades
over the course of the season, slowly diminishing the leaf’s ability to repel water (Neinhuis and
Barthlott, 1998). Half of the studied leaves were collected late in the growing season, yet prior
to senescence; thus, it is likely that oak leaves sampled had have lost some of their wax coating.
The hairs located on the leaf surfaces of the three oak species may not have been removed due to
abrasion from rainwater in the early growing season, which may explain the higher leaf
hydrophobicity across tests in the early growing season sampling group (Neinhuis and Barthlott,
1998). The removal of the hairs in the late growing season on the oak species leaves may
contribute to the higher volumes of throughfall partitioned by oak species found in Drotar et al.
(in preparation).
Overstory leaves may have distinct characteristics that result in the varying storage
capacity in comparison to midstory leaves. Late and early growing season overstory post oak,
late growing season midstory red maple, and early growing season winged elm had the highest
storage using the water displacement methods. Overstory leaves may have a thicker wax coating
than the midstory leaves due to the location in the canopy and the more direct rainwater that hits
the leaf in comparison to the midstory leaves (Buschhaus 2007; Wang et al., 2015B). In the
midstory early growing season winged elm had the highest surface water retention compared to
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the oak species in all intensity tests, while in the late growing season southern red oak had higher
surface water retention in the mid intensity test. This may be due to the lack of wax coating on
the mesophyte leaves and the loss of wax coating on the oak leaves during the late growing
season (Neinhuis and Barthlott, 1998; Wang et al., 2015B). In both the early and late growing
season tests the same trend is visible; however, the early growing season leaves are able to retain
more water than the late growing season. This may be because the hairs on the leaf surface have
not been lost yet, creating more surfaces area for the rainwater to adhere (Neinhuis and Barthlott,
1998). Midstory white oaks had the same values in both the late and early growing season.
This may suggest that the wax coating on the midstory leaves are more protected from the
intense rainwater by the overstory trees, whose wax coating diminishes over the growing season
(Neinhuis and Barthlott, 1998; Buschhaus et al., 2007; Zabret et al., 2017).
The change in species composition from oak-dominated to mesophyte-dominated may
change the amount of canopy water storage capacity. With mesophyte species are able to retain
more rainwater than oak species, the decrease in throughfall volume, coupled with a but possible
increases in stemflow volume, may lead to increased changes in soil moisture in these forests
(Caldwell et al., 2016; Drotar et al., in preparation). By researching the amount of water an
individual leaf is able to hold during varying rainfall conditions, it may be possible to calculate
how much rainwater could be held by an individual tree canopy. The water storage capacity of
the canopy may then be used to monitor and maintain forests that are undergoing mesophication.
The amount of water that is known to be stored in different species canopies, will be correlated
to the amount of water reaching the soil. Species that hold more water in the canopy will created
drier soil moisture conditions, leading to a possible repression for mesophytic species (Allen et
al., 2018).
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2.5

Conclusion
Leaves of different tree species have different wettability levels due to surface texture,

surface area, leaf orientation and thickness. After standardizing for leaf surface area and keeping
leaf orientation similar across all early growing season intensity tests, midstory winged elm and
overstory sweetgum were found to have the highest levels of leaf water storage capacity of the
species sampled. In the water displacement methods, oak species showed an increase in water
storage capacity from the early growing season to the late growing season in both the overstory
and midstory. This level of water storage capacity in a mesophyte species, and the change in
water storage capacity between seasons in oak species, shows the difference in wax surface
texture and hydrophobicity variation between mesophyte species and oak species. More water
being held in the canopy may lead to an increase in stemflow This, combined with an additional
increase in mesophyte density, may lead to lower forest flammability. As water storage changes
seasonally, and wax diminishes on oak leaves, there may be a change in interception and
absorption rates of rainwater at the leaf level. Additional work may look into changes in leaf
structure at different points in the growing season. A new leaf may have a thicker wax coating
leading to a decrease in leaf surface water retention, than a leaf collected towards the end of the
growing season as was done in this study.
Mesophyte species were able to hold more water on the leaf surface, leading to potential
increase in stemflow and increased soil moisture at the base of the tree. This in addition to the
decreased flammability may lead to increased mesophyte density. With the research connecting
different leaf hydrophobicity to mesophytes, new management options may be created instead of
relying on prescribed fire. A possible method may involve mesophyte tree removal to allow
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rainwater to reach the forest floor in a more homogenous way as well as allow sun light and gap
creation for oak seedlings to mature in.
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